Chemical reactions in aqueous geochemical systems are driven by nonequilibrium conditions, and their dynamics can be deduced through the distributional analysis (identification of probability laws) of complex compositional indices. In this perspective, compositional data analysis offers the possibility to investigate the behavior of the composition as a whole instead of isolated chemical species, with the awareness that multispecies systems are characterized by the simultaneous interactions among all their parts. We addressed this problem using D − 1 isometric log-ratio coordinates describing the D compositional dataset of the river chemistry of the Alpine region (D number of variables), thus working in the ℝ D−1 statistical sample space. The D − 1 coordinates were chosen using the decreasing variance criterion so that each one could provide information about different space-time properties for the investigated geochemical system. Coordinates dominated by heterogeneity appear to be able to capture regime shifts only on a long-time period and monitor processes on a very wide scale. On the other hand, coordinates characterized by lower variability present multimodality, thus capturing the presence of alternative states in the analyzed spatial domain also for the current time. Further developments are needed to determine the ranges of conditions for which variability and other statistics can be useful indicators of regime shifts on different timespace scales in geochemical systems.
Introduction
Many natural phenomena display complex time-space evolving dynamics due to the relational behavior of several governing processes. As a consequence, in most cases the dynamical evolution of natural systems may be opaque or unobservable. In these circumstances, the shape of the event distributions might represent a powerful, often underestimated, tool to understand what is occurring in the system (van Rooij et al. 2013 ). Geochemical systems are not an exception, and the distributional analysis of concentration values may inform about mechanisms governing data variability (Buccianti et al. 2018) . This idea has been discussed for a long time in geochemistry, in some cases considering the lognormal distribution as the fundamental natural law at the base of the partition processes of elements and chemical species in different geological matrices (Ahrens 1954; Vistelius 1960; Aitchison and Brown 1957; Ott 1990; Limpert et al. 2001) ; in other cases it was considered not applicable due to the constant presence of multimodality and outlier values (Reimann and Filzmoser 2000) . On the other hand, in ore geochemistry the discussion has been mainly focused on the role of the power-law distribution to explain the presence of heavy tails in highly skewed distributions (Monecke et al. 2005; Agterberg 2007) . Recently, multimodality of the frequency distribution has been associated to the probability of different states over a parameter range caused by nonlinear responses to unmeasured drivers or to a multimodality of the distribution of such drivers (Scheffer et al. 2012) .
After the developing of the Aitchison work on compositional data analysis (Aitchison 1982) , the distributional analysis was oriented toward the relative (proportional or constrained) numerical nature of the concentration values, thus defining the simplex as the adequate statistical sample space (Mateu-Figueras and Pawlowsky-Glahn 2008) . Compositional data are characterized by D proportional parts that jointly contribute to the some whole. In this perspective, the analysis of isolated parts of the composition using distributional analysis should be dropped in favor of log-ratios. Several types of log-ratio transformations are now adopted (the additive, the log-centered, and the isometric ones), and their use in compositional data analysis is continuously increasing (Aitchison 1982; Egozcue et al. 2003; Pawlowsky-Glahn and Buccianti 2011; Filzmoser et al. 2009 Filzmoser et al. , 2010 Pawlowsky-glahn et al. 2015) . The use of logarithmic value of the ratio between chemicals is frequently used when searching for the source of solutes in river chemistry (Gaillardet et al. 1999 ). However, it is known that a binary diagram with log-ratios with the same denominator leads to nonperpendicular axes and, consequently, to a non-Euclidean geometry. Caution should always be applied in modeling the shape of data patterns inside this type of plots because the sample space is not the ℝ D space (Buccianti et al. 2008; Buccianti and Magli 2011) .
In searching for the source of data variability in river chemistry, the balances approach proposed by Egozcue and Pawlowsky-Glahn (2005) appears to be highly promising because it allows us to analyze the complex nature of the joint relationships between parts of the same composition in time or space. The method selects a reference system with perpendicular axes (an orthonormal basis, Egozcue et al. 2003) and the values of the transformed variables represent the new coordinates (isometric coordinates) of the samples in ℝ . The selection of the reference system can be based on a sequential partition criterion driven by a geochemical knowledge (Buccianti and Zuo 2016) or follow mathematical requirements (Egozcue et al. 2003) . Starting with D variables the partition approach generates D − 1 log-ratios where parts of the original composition are "balanced" because they are located at the numerator or at the denominator of the log-ratio. For this motif, this type of isometric coordinates is called balances.
Because natural systems can be described by componentdominant dynamics (additive systems) or by interaction-dominant dynamics (multiplicative or interdependent systems), the use of balances can highlight this type of features (van Rooij et al. 2013) . Compositions are characterized by complex internal relationships, and changes in time or space are informative about the dynamics of the system. If only a part of the composition is considered separately (univariate analysis) this perspective is totally lost. If bivariate or multivariate analysis is applied, the architecture of the relationships can be revealed, but the use of an adequate log-ratio transformation is mandatory due to the constrained nature of the variance-covariance structure. The bias affecting the D × D covariance structure of D compositional variables x i is represented by the equations (Chayes 1960 ): …, D (cov = covariance, var = variance) . This condition makes the interpretation of the sign of the covariance (or correlation coefficient) meaningless because var(x i ) is a quadratic term and the equations has to be matched.
In this work, the balances approach was applied to the chemical composition of the Alpine rivers with the aim of searching for isometric log-ratio coordinates, or balances, that were able to explain most of the data variability in decreasing order (Egozcue and Pawlowsky-Glahn 2005; Martin-Fernandez et al. 2017) . The frequency distribution of the balances could then be investigated to obtain information about the complex dynamics governing the relationships among the parts. The Alpine river's spatial database published in Donnini et al. (2016) 
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Dataset and features of the study area
The collisional belt of the Alps (southcentral Europe) represents a fundamental natural water reservoir because
precipitation in winter is stored as snow and ice and is then released during summer. It contributes in a significant way to the total discharge of the major European rivers that have their headwaters in this region (Viviroli and Weingartner 2004) . From a geological point of view, a division into two belts having different size, age, and geological characteristics is generally proposed (Dal Piaz et al. 2003) . The separation of these two domains is determined by the Periadriatic Line, a major fault system of Oligocene-Neogene age (Schmid et al. 2004 ). The Europe-vergent belt is a thick collisional wedge of Cretaceous-Neogene age, consisting of continental and minor oceanic units radially displaced toward the Molasse foredeep and the European foreland. On the other hand, the Southern Alps represent a shallower nonmetamorphic and younger (Neogene) thrust-and-fold belt displaced to the south (Adria-vergent). In Fig. 1 , the lithological map of the Alpine area, modified from Donnini et al. (2016) , is reported with the location of the water sampling sites. The map contains information only about the lithological classification of geological materials useful to investigate water-rock interaction processes (Meybeck 1987) . Due to the complexity of the history of the Alpine region, each lithology is not automatically related to a defined geological age (see Schmid et al. 2004 for further details).
The rivers of the study area show average discharge values at the sampling stations ranging from 100 m 3 /s to more than 1300 m 3 /s (Rhine at Basel), following the seasonal regimes (Bard et al. 2015) . To sample the river waters during the periods of maximum and minimum discharge, two sampling campaigns were planned (Donnini et al. 2016 ). The first one was set from February 2011 to June 2011 (spring season), while the second one from December 2011 to March 2012 (winter season). However, some shifts from the winter season to the half of March were due to the 2012 European cold wave. For each sample, temperature, electrical conductivity, pH, Eh, silica, total iron, and alkalinity were measured in the field, while major cations (2016) and anions, as well as trace components and isotopes, were measured in the laboratory, with an accuracy better than 2%. Analytical details can be found in Donnini et al. (2016) .
Theoretical backgrounds and estimation of principal balances
The analysis of compositional data deals with vectors of D positive values (Aitchison 1986) . Each value represents the contribution of one part x i of the composition to the common whole. The constrained relationships among all the parts are describable in the simplex S D sample space defined by:
where κ is the (irrelevant) total sum of the composition sometimes equal to 1, 100, 10
D where standard statistical methods, based on the assumption of the Euclidean geometry, cannot be applied (Buccianti and Magli 2011) . Aitchison (1982 Aitchison ( , 1986 proposed a powerful set of transformations to move compositional data from the simplex to the real space, thus obtaining new coordinates in ℝ D that could be analyzed with classical statistical methods. The coordinates are calculated through the additive (alr) and the centered (clr) log-ratio transformations:
is the geometric mean of the parts of the compositional vector x. As we see, the alr transformation is characterized by D − 1 log-ratios with a common denominator; this condition prevents the mapping of coordinates onto orthogonal axes (Egozcue and PawlowskyGlahn 2005) . The angle between alr coordinates is 60° and the metric is not the Euclidean one (Buccianti et al. 2008) . The clr transformation moves data from the simplex to an hyperplane in ℝ D , a geometry that leads to a singular variance-covariance matrix (determinant is equal to zero) with some difficulties in multivariate analysis.
To overcome some of the previous difficulties, Egozcue et al. (2003) defined the isometric log-ratio transformation (ilr) leading to orthonormal coordinates in ℝ Hron et al. 2010) . Balances are isometric coordinates that represent an element of the simplex on an orthonormal basis by a sequential binary partition (SBP) of the compositional vector (Egozcue and Pawlowsky-Glahn 2005) . For the i-th order of partition, the balance is:
where r i and s i are the number of non-overlapping parts of the numerator and denominator, respectively. In other words, the balance is defined as the natural logarithm of the ratio of geometric means of the parts in each group, normalized by a coefficient. In most cases, the selection of the SBP process is based on a priori knowledge so that the partition reflects the action of some natural processes (Buccianti and Zuo 2016) . However, in understanding the source of data variability and its possible dynamics, a sequence of orthonormal balances that successively maximize the explained variance, called principal balances, represents an interesting alternative to the data-driven criterion.
Following the procedure illustrated in Martin-Fernandez et al. (2017) , principal balances were determined, and their frequency distribution analyzed to highlight the laws governing the dynamics of the geochemical system. Robust methods were adopted to recognize the impact of atypical observations on mean and variance estimates and to evaluate the robustness of the balances (Verboven and Hubert 2005) . The robust estimates of the compositional center µ and scatter (variance-covariance) matrix Σ of ilr-transformed variables were obtained using the Minimum Covariance Determinant (MCD) estimator (Filzmoser and Hron 2008; Filzmoser et al. 2011; Rousseeuw 1984; Verboven and Hubert 2005) . The existence of significant differences in compositions between spring and winter was verified applying the Kruskas-Wallis test (non-parametric ANOVA) on ilr-transformed variables.
What does the distributional analysis mean?
Distributional analysis concerns the identification of the probability density functions able to represent a good model for describing the data generation mechanism. According to their structure, we can distinguish between systems managed by components (component-dominant dynamics) and systems in which interactions drive data generation (interactiondominant dynamics). In both cases, the microscopic arrangement of components has a direct impact on the macroscopic behavior of the system (Bruce and Wallace 1989) .
The event distribution of component-dominant systems reflects the activity of isolated system components, with
x l � 1∕s i minimal linkage across time and space and the contribution of an unsystematic additive source of noise. Weak and additive cross-process transactions insure that the components themselves dominate the system output (van Rooij et al. 2013) . From a distributional point of view, the Gaussian distribution represents a typical outcome, because the dispersion around the mean emerges from the combined, additive influence of numerous weak, accidental, and mutually independent factors. In this context, the dynamic of superposition represents the application of the Laplace's Central Limit Theorem so that the mean and variance values are informative in an exhaustive way (Fisher 2011) . On the other hand, the events distribution of interaction-dominant systems reflects the presence of coordination and coupling among processes that govern the system. Coupled processes can cover a wide range of temporal or spatial scales, including fractal and multifractal systems (Clauset et al. 2009 ). The processes can have multiplicative and/or interdependent feedback transactions (van Rooij et al. 2013) , ranging from the lognormal distribution (multiplicative interaction among independent random variables, effects of feedback minimized) to inverse power-law distribution (presence of circular interdependent feedback transactions). Power-law behavior is associated with complex systems characterized by processes that interact to self-organize their life across multiple temporal or spatial scales where the system moves as a whole (Holden and Rajaraman 2012) . The spontaneous self-organization of the system often presents a fractal or multifractal nature because it guarantees the most efficient way to dissipate energy gradients, consume free energy, and produce entropy (Goncalves 2001; Rantitsch 2001; Seuront 2010; Kleidon 2015) . The water-rock system is not an exception; it absorbs solar energy and forms abiogenic dissipative structures (subsystems which continuously fluctuate) playing a particular role in the progressive development of biogeochemical cycles (Kondepudi and Prigogine 1998; Sanchez-Vila et al. 2007; Shvartsev 2012; Buccianti et al. 2018) .
Results and discussion
The chemical composition of Alpine rivers is represented by Ca, Mg, Na, K, HCO 3 , SO 4 , Cl, NO 3 , F, and Sr (mg/L) for 67 samples related to two sampling seasons (Donnini et al. 2016) . The determination of a robust mean and a variance-covariance structure indicated that only the samples of Isonzo and Mur, collected during the spring time, show an anomalous behavior when compared to the rest of the dataset that appears to be sufficiently homogeneous. On the other hand, the Kruskal-Wallis test (p > 0.05) applied on ilrtransformed data indicates a scarce discrimination between the different sampling seasons.
Following the procedure illustrated in Martin-Fernandez et al. (2017) , principal balances characterized by decreasing variance were determined. The results are reported in Table 1 together with some statistics. The analysis of the frequency distribution of balances was performed to gain information about the dynamics of the geochemical system of Alpine river waters (van Rooij et al. 2013) and to search for monitoring tools able to trace environmental changes on different time/space scales.
In this perspective, the shape of the frequency distribution is used as a probe for the presence of possible alternative states of the values of the balances, and it allows us to evaluate the heterogeneity, homogeneity, and resistance to change of the system (Scheffer et al. 2012; Dakos et al. 2014) . To achieve this aim, the kernel density distribution, modeling the nonparametrical behavior of the histograms, can be reversed revealing the presence of basins of attraction in the data structure. Each mode of the histogram represents the hole of some attraction basin capturing data, and the lower frequency areas that separate these basins represent the barriers (saddles) that divide different states. In this case, the vertical axis is associable with the potential of the system reflecting the effects of several environmental drivers (Scheffer et al. 2012 ). When such basins emerge, systems can occasionally change from one state to another depending on the intensity of external/internal forcing and on the efficiency of the barriers (height of the saddles) that separate the states. In Figs. 2, 3 , and 4, the distributional behavior of the balances of Table 1 is analyzed. For each balance, the upper log-log plot represents the complementary probability (P) cumulative distribution function P(N > = x i ), with N number of samples. The continuous gray line represents the normal distribution with mean and variance of empirical data. Lower plot reports (Na, Cl|K, NO 3 ). For each balance, the upper log-log plot represents the complementary probability cumulative distribution function P(N > = x), with N number of samples. The continuous gray line represents the normal distribution. Lower plot reports the probability density function (pdf) of the kernel distribution and the histogram of the experimental data Page 7 of 11 579 Fig. 3 Analysis of the frequency distribution of the balances: a ilr 4 (K|NO 3 ), b ilr 5 (F|Mg, Ca, HCO 3 ), and c ilr 6 (SO 4 |Sr). See Fig. 1 for details 579 Page 8 of 11 Fig. 4 Analysis of the frequency distribution of the balances: a ilr 7 (Na|Cl), b ilr 8 (Mg|Ca, HCO 3 ), and c ilr 9 (Ca|HCO 3 ). See Fig. 1 for details. For balance ilr 7 the normal distribution was also calculated (black dots) removing the last two observations the probability density function (pdf) of the kernel distribution and the histogram of the experimental data. In Fig. 2 , the distributional behavior of the balances ilr 1 (Na, Cl, K, NO 3 |SO 4 , Sr, F, Mg, Ca, HCO 3 ), ilr 2 (SO 4 Sr|F, Mg, Ca, HCO 3 ), and ilr 3 (Na, Cl|K, NO 3 ) is reported. The symbol | separates the variables at numerator and denominator with respect to Eq. 5.
The balance ilr 1 is associated with the highest variability, and its numerator includes variables such as Na, Cl, K, and NO 3 that are often perturbed by several conditional factors, for example, rain composition (Na, Cl) and human activities related to agriculture (K, NO 3 ), beside the silicates weathering contribution (Na, K). The denominator (SO 4 , Sr, F, Mg, Ca, HCO 3 ) includes variables more frequently associated with the nature of the bedrock and its weathering processes. The balance presents a scarce inverse relationship with the chemical weathering rate estimated in Donnini et al. (2016) , indicating that it intercepts the contribution of different reservoirs, such as atmosphere and lithosphere, and that high variance and stochasticity are the consequences of this condition.
The normal distribution is not completely adequate to describe the behavior of the data. Skewness is equal to − 1.05 (0 in the Gaussian) revealing that data are scattered more to the left of the mean than to the right, while kurtosis is equal to 2.86 (3 in the Gaussian). Even if the number of cases needed to model the presence of power-law distributions is low, the complementary cumulative distribution function (upper plot for each balance) indicates the presence of different linear patterns. However, theoretical considerations suggest that a distinction between a lognormal distribution (normal in log-scale as in our case) and power-law relationships may be difficult when the empirical dataset spans only a limited range and the shape factor is large (Mitzenmacher 2004; Monecke et al. 2005) . Thus, the balance ilr 1 could describe a boundary dynamic dominated by variability and heterogeneity capable of adapting to changes in a gradual way (Scheffer et al. 2012) . The monitoring of this parameter in time could reveal possible regime shifts only on a long-time scale.
The balance ilr 2 (SO 4 Sr|F, Mg, Ca, HCO 3 ) appears symmetrical around a barycentre (skewness 0.03, kurtosis 2.68) and could represent the internal fluctuations in the weathering cycle. In fact, the balance does not have significant relationships with the estimated chemical weathering rate. Monitoring this balance, characterized by high variability, could reveal possible regime shifts on the carbonate-sulfate cycle on a spatial scale.
The balance ilr 3 (Na, Cl|K, NO 3 ) is not symmetrical (skewness 0.81, kurtosis 3.73) and the presence of plurimodality (segmentation of the complementary distribution function) could be related to the stability of possible alternative states for different hydrochemical conditions, perhaps describing intermittency in space.
Considering ) decreases in a significant way moving toward north and east (non-parametric correlation with latitude and longitude higher than − 0.5, p < 0.01) showing a spatial pattern and confirming that it traces the behavior of lithological terms mainly representing a terrestrial contribution.
In Fig. 3 , the behavior of the balances ilr 4 (K|NO 3 ), ilr 5 (F|Mg, Ca, HCO 3 ) and ilr 6 (SO 4 |Sr) is investigated. All the balances show a segmented complementary cumulative distribution function that can be related to the probability of different alternative states for the hydrochemical conditions but no relationship with the estimated weathering rate was found. This condition is confirmed by the value of skewness and kurtosis equal to 0.62, − 0.004, − 0.52 and 2.55, 2.26, 4.96, respectively. No clear patterns are revealed from a spatial point of view and intermittency is the dominant feature (low values near to the high ones).
The behavior of the balances ilr 7 (Na |Cl), ilr 8 (Mg|Ca, HCO 3 ), and ilr 9 (Ca|HCO 3 ) is reported in Fig. 4 . For these balances, characterized by the lower variance, the distance from the normal model increases (skewness equal to 2.88, − 1.01, 4.11, kurtosis equal to 14.75, 3.13, 1.25) and the presence of different linear patterns in the complementary distribution function clearly emerges. The behavior highlights the importance of both multiplicative interactions and feedback mechanisms indicating the increase in complexity of the balances.
The spatial analysis reveals a significant negative correlation of ilr 9 with latitude (− 0.51) and longitude (− 0.75), indicating that the balance Ca|HCO 3 is a terrestrial monitoring tool able to trace spatial changes in the waters of the Alpine area in historical times. Interesting is also the significant positive correlation (> 0.6) of the ilr 7 balance, Na|Cl, with the short-term carbon and Na+K flux deriving from silicate weathering as estimated in Donnini et al. (2016) . In a continuous transfer of matter among oceans, atmosphere, ecosystems, and geosphere (Berner 2003; Kump et al. 2009 ), the short-term carbon flux, on a time scale < 1 Ma, is exchanged mainly within the superficial systems (atmosphere, oceans, biota, soils) including anthropogenic CO 2 production. Thus it is no coincidence that the ilr 7 balance describes, in its distributional features, the presence of possible alternative states related to the cycles of Na and Cl involving different reservoirs whose imprint appears to be identifiable.
Conclusions
The analysis of the distributional features of compositional balances associated to decreasing variance appears to be an interesting tool to monitor geochemical cycles and their complexity, both in time and space. Compositional balances can intercept the interaction mechanisms of parts of a composition revealing the complex ratio between heterogeneity and homogeneity in a geochemical system on a given time-space scale, with relation to its adaptive capacity and to its resistance to change. Our results, obtained through the CoDA (compositional data analysis) point of view for the chemistry of Alpine rivers, indicate that:
1. Compositional balances characterized by high variance represent possible mixing of different sources for chemical elements and species, thus implying the interaction among different reservoirs for a long-time span (Allègre and Lewin 1996) . In this context, due to the heterogeneity of the intercepted geochemical system, changes are possible only on a long-time scale because the spatial analysis is not informative; 2. Compositional balances characterized by lower variance represent the interactions of different processes, also connecting different reservoirs but where the spatial context becomes fundamental. In this situation (high skewness and kurtosis different from 3), the presence of homogeneous alternative states (multimodality) related to change in space (driven for example by the lithology) clearly emerges. The balances in this case could represent monitoring tools for regime shifts on a short-time scale.
So far, most works on indicators of regime shifts and early warning signals for critical transitions has been carried out in ecology and climate science (Scheffer et al. 2012; Dakos et al. 2014 ). However, with the perspective offered by CoDA, the analysis of the behavior of a geochemical system as a compositional whole could offer new challenges for further exploration. Investigation of its dynamics on different time-space scales could trace the regime shifts of the surficial Earth aqueous environments in response to climate change and anthropogenic activities.
